Using flow cytometry, we observed that interleukin-18 (IL-18) primed human neutrophils (PMNs) in whole blood to produce superoxide anion (O 2°؊ ) in response to N-formyl peptide (fMLP) stimulation, whereas IL-18 alone had no significant effect. In contrast to tumor necrosis factor alpha (TNF-␣), which is a cytokine known to strongly prime O 2°؊ production, IL-18 did not induce either p47 phox phosphorylation or its translocation from the cytosol to the plasma membrane. However, IL-18 increased PMN degranulation, as shown by increased levels of cytochrome b558 and CD11b expression at the PMN surface. Moreover, addition of IL-18 to whole blood for 45 min reduced the ability of PMNs to bind to fMLP, suggesting endocytosis of fMLP receptors, as visualized by confocal microscopy. 2,3-Butanedione 2-monoxime, which inhibits endosomal recycling of plasma membrane components back to the cell surface, concomitantly accentuated the diminution of fMLP binding at the PMN surface and increased IL-18 priming of O 2°؊ production by PMNs in response to fMLP. This suggests that fMLP receptor endocytosis could account, at least in part, for the priming of O 2°؊ production. In addition, genistein, a tyrosine kinase inhibitor, and SB203580, a p38 mitogen-activated protein kinase (p38MAPK) inhibitor, completely reversed the decreased level of fMLP binding and increased the level of CD11b expression after IL-18 treatment. Flow cytometric analysis of intact PMNs in whole blood showed that IL-18 increased p38MAPK phosphorylation and tyrosine phosphorylation. In particular, IL-18 induced phosphorylation of focal adhesion kinase (p125 FAK ), which has been implicated in cytoskeleton reorganization. Taken together, our findings suggest several mechanisms that are likely to regulate cytokine-induced priming of the oxidative burst in PMNs in their blood environment.
Polymorphonuclear neutrophils (PMNs) play a critical role in host defenses against invading microorganisms. In response to pathogens, PMNs move from the bloodstream into infected tissues, where their activation triggers the rapid production of reactive oxygen species (ROS), in what is known as the oxidative burst (1) . The generation of microbicidal oxidants by neutrophils results from the activation of NADPH oxidase (4) . This multicomponent enzyme system is inactive in resting cells, and its various components are distributed between the cytosol and membranes. The major membrane component, cytochrome b558, is composed of two subunits (gp91 phox and p22 phox ) and is located in specific or gelatinase granules and in the plasma membrane of resting neutrophils; the cytosolic components consist of four major proteins: p47 phox , p67 phox , p40 phox , and Rac 2, a small G protein (2) . When PMNs are activated by stimuli such as N-formyl peptide derived from bacteria (fMLP) or phorbol myristate acetate, some of the cytosolic components become phosphorylated and migrate to the membrane, where they assemble as an active complex.
p47
phox phosphorylation plays a critical role in the assembly and activation of the NADPH oxidase (9, 13) .
PMNs can exist in three different activation states, namely, the resting, primed, and activated states. The priming process has been demonstrated in vitro by pretreating PMNs with a substimulatory concentration of a pharmacological agent, which subsequently enhances the PMN response to a second stimulus. In particular, priming of the PMN oxidative burst occurs in response to fMLP after pretreatment with a number of inflammatory mediators, including tumor necrosis factor ␣ (TNF-␣), granulocyte-macrophage colony-stimulating factor (GM-CSF), and bacterial lipopolysaccharide (LPS) (6, 8, 10, 15, 16) . The mechanisms underlying the priming process are poorly understood, although some studies have suggested that priming with various agonists may be regulated at the receptor and the postreceptor levels. We (6, 10) and others (8) have shown that priming agents such as TNF-␣, GM-CSF, and LPS induce partial p47 phox phosphorylation in primed PMNs. However, other candidate priming mechanisms include increased levels of membrane expression of cytochrome b558 (8, 28, 44) , increased levels of expression and cycling of triggering receptors such as fMLP receptors (fMLP-R) (19, 41) , activation of heterotrimeric G proteins (29) , as well as some other mechanisms (12, 22) .
Interleukin-18 (IL-18) is a recently described member of the IL-1 cytokine family (21, 35) . Initially characterized by its capacity to promote Th1 responses in synergy with IL-12, IL-18 has been reported to modulate PMN functions and especially to prime the oxidative burst of isolated PMNs (25, 45) . Isolation procedures may alter PMN responses, and study of the PMN responses in whole blood (when this is technically possible) therefore seems to be more suitable for unraveling how circulating PMNs in the resting state become activated. The effect of IL-18 on the PMN oxidative burst in whole blood has not previously been investigated, and the mechanisms of IL-18 priming were poorly understood.
Here we analyze the effects of IL-18 on the PMN oxidative burst in whole blood and the mechanisms of IL-18 priming by comparing them with those of TNF-␣, the priming effect of which has been extensively studied. We first studied in whole blood the following major steps that lead to the activation of NADPH oxidase: (i) PMN degranulation by means of CD11b expression and cytochrome b558 translocation, (ii) fMLP binding at the PMN surface, and (iii) the participation of tyrosine kinases, especially p125
FAK , and mitogen-activated protein kinases (MAPKinases) in these processes. We also used isolated PMNs to study p47 phox phosphorylation, which we have previously shown to be a major event in TNF-␣ priming of the PMN oxidative burst (10) .
MATERIALS AND METHODS

Reagents.
The reagents used and their sources were as follows: human recombinant IL-18 (rhIL-18; 5 g/ml; MBL, Tokyo, Japan); human recombinant TNF-␣ (rhTNF-␣; 10 5 U/ml), and human recombinant IL-1␤ (rhIL-1␤; 10 5 U/ml), R&D, Abington, United Kingdom; hydroethidine, Fluka, Buchs, Switzerland; fMLP (N-formyl-methionyl-leucyl-phenylalanine), fluorescein-conjugated formyl-Nle-Leu-Phe-Nle-Tyr-Lys, primaquine, 2, Neutrophil preparation. Human neutrophils were isolated under LPS-free conditions by means of dextran sedimentation and Ficoll-Hypaque centrifugation of freshly drawn blood, as described previously (6) .
Incubation of whole blood and isolated PMNs with IL-18 and fMLPs. Onemilliliter samples of fresh blood from healthy donors, collected on lithium heparinate (10 U/ml), or 4 ϫ 10 5 isolated PMNs were incubated with either rhIL-18 (1 to 500 ng/ml) diluted in phosphate-buffered saline (PBS) or PBS alone at 37°C for various times (15 to 60 min). fMLP (10 Ϫ6 M) was then added for 1 to 5 min at 37°C. The reaction was then stopped and red blood cells were lysed with a fluorescent-activated cell sorter (FACS) lysing solution (Becton Dickinson, Mountain View, Calif.). After the samples were washed once, the white blood cells were resuspended in 1% paraformaldehyde. In some experiments, the samples were pretreated with primaquine (250 g/ml), BDM (0.1 to 15 mM), colchicine (5 to 100 g/ml), or protein kinase inhibitors (SB203580, 10 M; PD98059, 50 M; U0126, 50 M; GF109203X, 5 M; wortmannin, 250 nM; genistein, 100 M). The concentration-dependent effects of these inhibitors were previously tested in whole blood (10) , and the concentrations are in the same range as those used with the isolated PMNs. PMN viability was not altered under our priming conditions, as assessed in terms of propidium iodide exclusion measured by means of flow cytometry.
NADPH oxidase activity. NADPH oxidase activity was measured by using a flow cytometric assay derived from the hydroethidine oxidation technique for activated phagocytes described by Rothe and Valet (37) . Fluorescent ethidium (E ϩ ) emits light in the orange wavelengths when it is exposed to laser excitation at 488 nm. This technique, which has been correlated to the superoxide dismutase-inhibitable reduction of ferricytochrome c (37), allowed us to study ROS production by PMNs in their blood environment. Whole-blood samples (1 ml) were preincubated for 15 min with hydroethidine (1,500 ng/ml) at 37°C. The samples were then incubated first with IL-18 and then with fMLP (10 Ϫ6 M). Red blood cells were lysed as described above. The fixed samples were kept on ice until they were subjected to flow cytometric analysis on the same day.
Superoxide anion (O 2 Ϫ ) production was also tested by using a continuous spectrophotometric assay of ferricytochrome c reduction by isolated PMNs. The specificity of O 2°Ϫ production was assessed by determination of the level of superoxide dismutase inhibition, as described previously (6) .
Study of CD11b and p22 phox expression at the PMN surface. Whole-blood samples were either kept on ice or incubated with rhIL-18, rhTNF-␣ (100 U/ml), or PBS for 45 min at 37°C. Samples (100 l) were incubated at 4°C for 30 min with fluorescein isothiocyanate (FITC)-conjugated anti-human CD11b MAb and rabbit anti-p22 phox polyclonal antibody, followed by incubation with FITC-goat anti-rabbit Ig antibody. Red blood cells were lysed as described above.
Study of fMLP binding to the PMN surface. Whole-blood samples were either kept on ice or incubated with rhIL-18, rhTNF-␣ (100 U/ml), or PBS as described above. The samples (100 l) were then incubated at 4°C for 1 h with FITCconjugated formyl-Nle-Leu-Phe-Nle-Tyr-Lys (FITC-fMLP). Red cells were then lysed with FACS lysing solution.
Study of intracellular tyrosine phosphorylation and activation of focal adhesion kinase and MAPKinases (ERK1/2 and p38MAPK). After incubation of whole blood with rhIL-18 (500 ng/ml) or PBS for 45 min at 37°C, the white blood cells obtained after red blood cell lysis were fixed with 2% paraformaldehyde-PBS (10 min at 37°C) and permeabilized in 90% methanol (30 min on ice), as described previously (17) . After the cells were washed once, they were stained with anti-phosphotyrosine MAb, anti-p125 FAK phosphospecific MAb, and antiMAPKinase (p38MAPK and ERK1/2) phosphospecific MAbs for 1 h at room temperature; washed once; and then incubated for 30 min with FITC-goat antimouse antibody. After the cells were washed once more, they were resuspended in 1% paraformaldehyde-PBS.
Flow cytometry analysis. For flow cytometry analysis we used a Becton Dickinson FACScalibur (Immunocytometry Systems, San Jose, Calif.) flow cytometer equipped with a 15-mW, 488-nm argon laser. Forward scatter and side scatter were used to identify the granulocyte population and to gate out other cells and debris. The purity of the gated cells was assessed with FITC-or phycoerythrin (PE)-conjugated anti-CD3, anti-CD45, anti-CD14, and anti-CD15 antibodies (Becton Dickinson). Ten thousand events were counted per sample, and the fluorescence pulses were amplified by 4-decade logarithmic amplifiers. The green fluorescence of FITC-anti-CD11b antibody, FITC-fMLP, and FITC-goat antimouse antibody was recorded from 515 to 545 nm; and the orange fluorescence of hydroethidine was recorded from 549 to 601 nm. All the results were obtained with a constant photomultiplier gain value. The data were analyzed with CELL QUEST software, and the mean fluorescence intensity was used to quantify the responses. Nonspecific binding was determined with cells incubated with the same concentration of an irrelevant antibody of the same isotype or with nonimmune serum.
32 P labeling of neutrophils and stimulation, fractionation, and immunoprecipitation of p47 phox . PMNs were incubated in phosphate-free buffer containing 0.5 mCi of [ 32 P]orthophosphoric acid/10 8 cells/ml for 60 min at 30°C, as reported previously (6) . The PMNs were then treated with rhIL-18, rhTNF-␣, or rhIL-1␤, as described above, and stimulated with 10 Ϫ7 M fMLP for an additional 2 min. The reaction was stopped by the addition of ice-cold buffer and centrifugation at 400 ϫ g for 7 min at 4°C. The cells were lysed by resuspending them in lysis buffer, as described previously (6, 14) . The lysate was centrifuged at 10,000 ϫ g for 20 min at 4°C in a TL 100 ultracentrifuge (Beckman, Fullerton, Calif.). The cleared supernatant was incubated overnight with anti-p47 phox antibody (1/200). p47
phox was then immunoprecipitated with gamma-bind G-Sepharose beads (Pharmacia Biotech, Uppsala, Sweden) (6) . The proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% polyacrylamide gel and then blotted onto nitrocellulose membranes and detected by autoradiography.
Translocation of p67 phox and p47 phox from the cytosol to the PMN membrane. Suspensions of 25 ϫ 10 6 PMNs/ml were incubated at 37°C with IL-18 or Hanks balanced salt solution with Ca 2ϩ /Mg 2ϩ for 45 min. The PMNs were then stim-
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ulated with fMLP (10 Ϫ7 M) for 3 min while the mixture was gently shaken. The cells were diluted in 4 volumes of ice-cold buffer and pelleted by centrifugation at 400 ϫ g for 8 min at 4°C. The pellets were resuspended in relaxation buffer containing 1 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (pH 7.3), 10 mM KCl, 0.3 mM NaCl, 0.35 mM MgCl 2 ⅐ 6H 2 O, 2 mM phenylmethylsulfonyl fluoride, 1.25 mM EGTA, 10 g of leupeptin per ml, pepstatin, and aprotinin (6) . The cells were disrupted by sonication (four times for 10 s each time) at 4°C, and the suspension was then centrifuged at 400 ϫ g for 8 min. The postnuclear supernatant was loaded onto a discontinuous sucrose gradient (50% sucrose, 15% sucrose), diluted in relaxation buffer, and centrifuged for 45 min at 200,000 ϫ g. The membrane fraction in the 15% sucrose layer was collected and washed once with relaxation buffer. Following SDS-PAGE on 10% acrylamide gels, the proteins were transferred to nitrocellulose filters. The filters were incubated for 1 h at room temperature in 50 mM Tris-150 mM NaCl-0.1% Tween 20 (TBST) containing 1% (wt/vol) fat-free dried milk. The nitrocellulose membranes were incubated for 1 h with specific rabbit antibodies against p47 phox and p67 phox at a 1/5,000 dilution. Following five washes with TBST, the membranes were incubated with a donkey antirabbit antibody conjugated to horseradish peroxidase. After five washes with TBST, revelation was performed by a chemiluminescence method (ECL; Amersham Life Sciences, Arlington Heights, Ill.), according to the instructions of the manufacturer.
Immunocytochemical staining of intracellular p22 phox and gp91 phox . Wholeblood samples were either kept on ice or incubated with rhIL-18 (500 ng/ml) for 45 min. Smears of unstimulated or stimulated blood samples were then air dried for 24 h and incubated in cold acetone-methanol (1:1) at 4°C for 10 min in order to fix and permeabilize the membranes (17) . Nonspecific staining was blocked by incubation with the blocking reagent from the Dako LSAB alkaline phosphatase kit for 5 min. The smears were then incubated with a rabbit anti-human p22 phox antibody (0.8 g/ml) or a rabbit anti-human gp91 phox antibody (0.8 g/ml) for 10 min, followed by sequential incubation in 10-min steps with a biotinylated goat anti-rabbit and alkaline phosphatase-labeled streptavidin. Staining was revealed with a freshly prepared substrate-chromogen solution. Positive staining developed as a fuchsia-colored reaction product. The negative control consisted of smears incubated with nonimmune rabbit serum, and positive controls were incubated with an anti-CD11b MAb, followed by incubation with a biotinylated goat antimouse antibody.
Confocal laser scanning microscopy. Whole-blood samples were incubated at 4°C for 1 h with FITC-anti-human CD15 and PE-anti-human fMLP-R antibodies. After the samples were washed once with ice-cold PBS, they were incubated at 37°C with PBS or IL-18 (500 ng/ml) for 45 min. The red blood cells were lysed as described above, and the white blood cells were resuspended in 1% paraformaldehyde-PBS. The cells were then spun onto microscope slides at 500 rpm in a cytospin centrifuge (Shandon Southern Instruments) and mounted with an antiquenching reagent (Vectashield; Vector Laboratories, Burlingame, Calif.). The cells were examined by confocal laser scanning microscopy (LSM-510-META microscope; Zeiss, Oberkochen, Germany) equipped with a ϫ63 oil-immersion objective.
Statistical analysis. Data are presented as means Ϯ standard error of the means (SEMs). Means were compared by the Mann-Whitney nonparametric comparison test. P values less than 0.05 were considered significant.
RESULTS
IL-18 primes the oxidative burst of whole-blood PMNs in response to fMLPs. IL-18 alone did not induce O 2°Ϫ production by PMNs in their blood environment (Fig. 1) . However, preincubation of the whole blood with increasing concentrations of IL-18 from 0.1 to 500 ng/ml for 45 min, followed by exposure to 10 Ϫ6 M fMLP for 5 min, increased the PMN oxidative burst in a concentration-dependent manner, reaching a maximum value at 500 ng/ml. This priming effect was approximately one-half that observed with the optimum concentration of TNF-␣ in whole blood (mean fluorescence intensities Ϯ SEMs [n ϭ 10], 108.7 Ϯ 14.7 and 54.4 Ϯ 5. 6 for TNF-␣ and IL-18, respectively). Preincubation with cycloheximide (20 g/ml), an inhibitor of protein synthesis, for 5 min before the addition of hydroethidine did not modify the priming effect of IL-18. When an anti-IL-18 MAb was added before incubation with IL-18 and fMLP, hydroethidine oxidation was suppressed.
This finding rules out the possibility that the priming effect of IL-18 could be attributable to a contaminant such as an endotoxin. The priming effect of IL-18 on the PMN oxidative burst was also demonstrated by using the spectrophotometric assay of cytochrome c reduction on isolated PMNs in response to fMLP (10 Ϫ7 M for 5 min) (data not shown). A kinetic study showed that the mean fluorescence intensity of the ethidium content increased from 17.2 Ϯ 1.1 after preincubation with IL-18 (500 ng/ml) for 15 min to a maximum of 56.5 Ϯ 6.0 (n ϭ 3) after 45 min (data not shown); we therefore used a preincubation time of 45 min throughout the rest of the study.
IL-18 does not induce phosphorylation or translocation of p47
phox . Phosphorylation of p47 phox has been implicated in the priming effect of GM-CSF and TNF-␣ on the PMN oxidative burst (6, 10) . We therefore analyzed the effect of IL-18 on this process. As shown in Fig. 2 , in keeping with previous data, p47 phox phosphorylation in TNF-treated neutrophils was clearly higher than that in untreated cells (10) . In contrast, p47
phox phosphorylation was not increased in the PMNs treated with IL-18 or IL-1. Furthermore, kinetics analysis showed no phosphorylation of p47 phox at any time (10 to 45 min) (data not shown). As translocation of cytosol components to the membrane is a major step in the activation of NADPH oxidase, we also tested the effect of IL-18 on the translocation of p47 phox and p67 phox . As shown in Fig. 3 , neither IL-18 nor TNF-␣ alone induced the translocation of p47 phox or p67 phox to the membrane; however, TNF-␣ significantly increased fMLPinduced p47 phox and p67 phox translocation (positive control), whereas IL-18 had no such effect. IL-18-induced translocation of cytochrome b558 and CD11b to the plasma membrane. Unlike TNF-␣, IL-18 did not induce phosphorylation of the cytosolic NADPH oxidase component p47 phox , suggesting that the priming effect on O 2°Ϫ production must involve some other mechanism. We therefore investigated the effect of IL-18 on the translocation of flavocytochrome b558 to the PMN surface by means of immunocytochemical staining after PMN permeabilization. Rabbit anti-human p22 phox antibody staining, revealed with a goat antirabbit antibody, was positive inside unstimulated PMNs, with no staining at the PMN surface; however, when immunostaining was performed with IL-18-stimulated PMNs, the staining was located at the PMN membrane (Fig. 4) . No staining was observed with nonimmune rabbit serum. Similar results were obtained with anti-gp91 phox antibody (data not shown). Furthermore, using a rabbit anti-human p22
phox antibody, we confirmed the IL-18-induced increase in the level of expression of p22 phox at the cell surface (Fig. 5 ). This finding suggests that IL-18 primes NADPH oxidase by increasing the level of expression of cytochrome b558 derived from intracellular stores, such as specific granules, on the plasma membrane. In order to confirm these findings, we measured the level of expression of CD11b, another marker of specific granules. IL-18 also induced the translocation of CD11b to the PMN membrane: an increased level of CD11b expression was observed with an antiCD11b antibody by the same immunochemistry technique and was confirmed by flow cytometry. This increase was shown to occur in an IL-18-concentration-dependent manner (Fig. 5) .
In order to block this process and to analyze the effect on priming, we used colchicine, which inhibits neutrophil degranulation (32) . Pretreatment of whole blood with increasing concentrations of colchicine inhibited the IL-18-induced increase in CD11b expression and its priming effect on O 2°Ϫ production in response to fMLP (Fig. 6) .
Involvement of fMLP receptor internalization in IL-18 priming of the PMN oxidative burst. FMLP-Rs are also stored in specific or gelatinase granules, and modulation of their expression at the PMN surface could result from granule exocytosis and from a cycling process, which has also been implicated in cytokine-induced priming of the oxidative burst (19, 41) . We therefore analyzed the effect of IL-18 on the binding of FITC-fMLP at the PMN surface. These binding experiments were performed at 4°C to avoid the consequences of ligandreceptor interactions and to isolate the effect of IL-18 on fMLP-R expression.
As shown in Table 1 , incubation of whole blood with IL-18 (50 and 500 ng/ml) for 45 min significantly decreased the fluorescence intensity of FITC-fMLP compared to that of samples incubated with PBS. Similar results were obtained with PE-anti-fMLP-R antibody; in fact, the mean fluorescence intensity of the sample incubated with IL-18 (500 ng/ml) (19.7 Ϯ 2.5) was significantly lower than that of the sample incubated with PBS (28.5 Ϯ 3.1). However, this decrease never matched the mean fluorescence intensity value obtained with the isotypic control (19.7 Ϯ 2.5 and 5.0 Ϯ 0.7, respectively), indicating that available fMLP-Rs always persisted at the cell surface after IL-18 stimulation. This reduction of the mean fluorescence intensity was also observed after shorter incubation
FIG. 2. Effects of IL-18, IL-1, and TNF-␣ on p47
phox phosphorylation. 32 P-labeled neutrophils were incubated with IL-18 (500 ng/ml), TNF-␣ (100 U/ml), or IL-1␤ (50 ng/ml) for 45 incubation. Under our experimental conditions, TNF-␣ (100 U/ml) also reduced the level of fMLP binding, and this effect was stronger and occurred more rapidly than that induced by IL-18 at its optimum priming concentration (500 ng/ml). This diminution of fMLP binding was reversed by preincubation of the sample with primaquine, an endocytosis inhibitor, whereas protease inhibitors had no effect, suggesting that IL-18 induced internalization of the fMLP-Rs (data not shown). This phenomenon was confirmed by confocal microscopy (Fig. 7) . After being exposed to IL-18 for 45 min, fMLP-Rs were located deep within the cell, whereas the CD15 antigen was located only on the surface of the cell. In order to investigate the role of fMLP-R endocytosis in IL-18 priming, we analyzed the fMLP-induced PMN oxidative burst and fMLP binding after preincubation with BDM, an inhibitor of actomyosin ATPase, which has been reported to inhibit the recycling of plasma membrane components from endosomes back to the cell surface (33) . We observed that 0.1 to 1 mM BDM potentiated the IL-18-induced decrease in fMLP binding at the PMN surface, suggesting fMLP-R accumulation in an intracytoplasmic compartment. Furthermore, BDM treatment also enhanced the priming effect of IL-18 on the oxidative burst in response to fMLP. These effects were reversed at higher concentrations (Table 2) .
Signaling pathways involved in IL-18 effects. In order to investigate the signaling pathways involved in the effects of IL-18 on PMNs, we first analyzed the effects of kinase inhibitors on PMN degranulation and fMLP-R endocytosis. Myeloid
FIG. 4. Immunocytochemical staining of p22
phox in resting and IL-18-stimulated PMNs in whole-blood smears. (A) Negative control, which consisted of no staining with nonimmune rabbit serum followed by incubation with a biotinylated goat anti-rabbit and alkaline phosphatase-labeled streptavidin, as described in Materials and Methods; (B) intracellular fuchsia-colored staining was observed with the rabbit anti-human p22 phox polyclonal antibody (0.8 g/ml), revealed as described for panel A; (C) fuchsia-colored staining at the PMN membrane was observed with the rabbit anti-human p22 phox polyclonal antibody (revealed as described for panel A) after IL-18 stimulation. Smears were examined by light microscopy. Magnifications, ϫ750.
FIG. 5. Effects of IL-18 on p22
phox and CD11b expression at the PMN surface. After preincubation with PBS (IL-18 at 0 ng/ml) or IL-18 (0.1 to 500 ng/ml) for 45 min, whole blood was incubated with anti-p22 phox and anti-CD11b antibodies at 4°C for 30 min. The mean fluorescence intensity was recorded as described in Materials and Methods. Values obtained with nonimmune rabbit serum or with an irrelevant antibody of the same isotype were subtracted. Values are expressed as means Ϯ SEMs (n ϭ 4). The mean fluorescence intensity of the sample incubated with TNF-␣ (100 U/ml) was 1,729 Ϯ 89. ‫,ء‬ significantly different from the results for the sample incubated with PBS (P Ͻ 0.05).
cells, such as PMNs, are terminally differentiated short-lived cells that are resistant to transfection. An alternative strategy for studying the role of specific enzymes is to use cell-permeant pharmacological inhibitors.
As shown in Fig. 8 , only genistein, a broad-specificity tyrosine kinase inhibitor, and SB203580, a p38MAPK inhibitor, completely reversed the IL-18-induced increase in the level CD11b expression and the IL-18-induced decrease in the level of fMLP binding. Genistein and SB203580 also completely reversed the IL-18-induced increase in the level of p22 phox expression (data not shown). In contrast, wortmannin (a PI3-kinase inhibitor), GF109203X (a protein kinase C inhibitor), and PD98059 and U0126 (MEK1/2 inhibitors) had no effect on IL-18-induced processes. Similar results were obtained after TNF-␣ stimulation. These findings suggest that IL-18 induces NADPH oxidase priming via tyrosine kinase-and p38MAPK-dependent pathways, while PI3-kinase, protein kinase C, and ERK1/2 do not appear to be involved in this process.
To confirm the data obtained with the tyrosine kinase inhibitor, we studied the phosphotyrosine contents of intact cells by flow cytometry with a mouse anti-human phosphotyrosine MAb. As shown in Fig. 9 , incubation of whole blood with IL-18 alone significantly increased the level of tyrosine phosphorylation after as little as 2 min compared to that for samples incubated with PBS.
Among the tyrosine kinases, focal adhesion kinase (p125 FAK ) has been implicated in cytoskeleton reorganization, leading to G-protein-coupled receptor internalization (43) and granule release (39) . We therefore tested the consequences of IL-18 pretreatment of PMNs on p125 FAK activation in whole blood. Incubation with IL-18 significantly increased the level of phosphorylation of p125 FAK compared to that obtained by incubation with PBS. The kinetics were similar to those observed with an antiphosphotyrosine antibody (Fig. 9) .
In accordance with our data obtained with SB203580, a p38MAK inhibitor, we found that IL-18 significantly increased the level of p38MAPK phosphorylation (Fig. 9) . This IL-18-induced increase reached a maximum after incubation for 15 min and therefore occurred later than p125 FAK phosphorylation. In contrast, and in keeping with the lack of an effect of the ERK1/2 inhibitor PD98059 (50 M) on the effects of IL-18, IL-18 did not increase the level of ERK1/2 phosphorylation (data not shown).
Similar results were observed with TNF-␣, although the effects of TNF-␣ on tyrosine, p125 FAK , and p38MAPK phosphorylation were significantly stronger than those of IL-18.
DISCUSSION
The findings from the present study show that IL-18 primes PMNs in their blood environment to produce O 2°Ϫ in response to fMLP. In contrast to TNF-␣, IL-18 did not induce significant p47 phox phosphorylation, a critical mechanism in oxidative burst priming by TNF-␣ and GM-CSF (6, 10). However, IL-18 did induce PMN degranulation, as shown by increased levels of cytochrome b558 components (p22 phox and gp91 phox ) and CD11b expression at the PMN surface. Incubation of whole blood with IL-18 for 45 min decreased the level of fMLP binding at the PMN surface, suggesting that endocytosis of the fMLP-Rs may have occurred. In accordance with these findings, BDM, an inhibitor of recycling from endosomes to the cell surface, was shown to potentiate the reduction of fMLP binding induced by IL-18 and enhanced the IL-18 priming of the oxidative burst. Taken together, our data suggest several possible mechanisms that may be involved in cytokine-induced priming of the oxidative burst. In addition, we clearly demonstrated the involvement of p125 FAK phosphorylation and p38MAPK activation in the IL-18-priming effect of the oxidative burst in PMNs in their blood environment.
IL-18 alone did not directly activate the PMN oxidative burst. However, in accordance with previous data obtained with isolated PMNs (25, 45) , IL-18 did prime PMNs in whole blood to produce O 2°Ϫ in response to fMLP. The kinetics that we observed in whole blood showed that maximum values were reached after 45 min. The fact that this response was slower than that reported by Wyman et al. (45) (45 versus 30 min) could be related to the fact that artifactual stimulation of the cells was minimized when isolation procedures were avoided.
IL-18 has recently been implicated in the pathogenesis of several inflammatory diseases (26) and severe sepsis (11, 18, 23) . The mechanisms by which IL-18 promotes inflammatory responses may be related to its priming of the PMN oxidative burst. In addition, the ROS act as second messengers that lead to NF-B activation in T cells and that initiate the expression of genes for Th1 cytokines (IL-2, TNF-␣, and gamma interferon) (36) . PMN activation by IL-18 may thus accentuate the role of IL-18 as a gamma interferon-inducing cytokine.
Priming of the PMN oxidative burst by various inflammatory agents could occur via different molecular mechanisms. In particular, partial phosphorylation of p47 phox at selective sites may facilitate the induction of p47 phox phosphorylation at other sites targeted by a secondary stimulus, such as fMLP, and thereby amplify the fMLP-induced translocation of p47 phox and p67
phox to the membrane. We clearly demonstrated that IL-18 did not induce phosphorylation of p47 phox , in keeping with its lack of an effect on the translocation of p47 phox and p67 phox to the PMN membrane in response to fMLP. As expected, fMLP alone induced the translocation of p47 phox and p67 phox to the PMN membrane, and this translocation was potentiated by TNF-␣. These data were obtained after PMN fractionation, with detection in each subcellular compartment. The difference in the techniques used may explain the discrepancies between our results and those reported by Wyman et al. (45) , who observed IL-18-induced p47 phox translocation in whole cells by means of immunolabeling.
Mobilization of specific or gelatinase granules has been involved in the priming of NADPH oxidase. Indeed, exposure of PMNs to LPS (8), TNF-␣ (44), or granulocyte colony-stimulating factor (28) leads to increased flavocytochrome b expression at the plasma membrane. Our results extend these observations to another priming agent, IL-18, and provide further evidence that the translocation of gp91 phox and p22 phox is one mechanism by which PMN priming occurs. In addition, IL-18 increased the cell surface expression of CD11b, a marker of a Samples were preincubated at 37°C with BDM at various concentrations for 5 min before the addition of hydroethidine for 15 min; the samples were then exposed to IL-18 (500 ng/ml) for 45 min and stimulated with fMLP (10 Ϫ6 M) for 5 min. The mean fluorescence intensity of E ϩ was recorded as described in Materials and Methods. Values are expressed as means Ϯ SEMs (n ϭ 3).
b Samples were preincubated for 20 min at 37°C with BDM at various concentrations and were then exposed to IL-18 (500 ng/ml) for 45 min. The mean fluorescence intensity of FITC-fMLP was recorded as described in Materials and Methods. Values are expressed as means Ϯ SEMs (n ϭ 3).
c Significantly different from the results for the samples incubated with PBS instead of IL-18.
d Significantly different from the results for the samples incubated with PBS instead of BDM. specific and gelatinase granules, at the same time points and the same concentrations as those at which oxidative burst priming was observed. This IL-18-induced degranulation and the ROS production in response to fMLP were reversed by colchicine, an inhibitor of degranulation.
Evaluations of the modulation of fMLP-R expression and its association with the priming process have yielded contradictory data (19, 34, 41, 42) . No increase in the level of FITCfMLP binding was observed at any time during IL-18 incubation. In contrast, we observed that exposure of whole blood to IL-18 for 45 min significantly decreased the level of FITCfMLP binding compared to that after exposure to PBS alone. This effect was not modified by preincubation of the samples with protease inhibitors, ruling out the possibility that the fMLP-Rs had been degraded by the action of proteases, which could interfere with fMLP binding. In contrast, the decrease in fMLP binding induced by IL-18 was completely reversed by preincubating the samples with primaquine (250 g/ml), an inhibitor of receptor endocytosis (7) . Furthermore, after incubation of whole blood with IL-18 for 45 min, fMLP-R endocytosis was confirmed by confocal microscopy. As IL-18 triggered degranulation and also induced internalization of fMLP-Rs, which are also located in specific granules, a dynamic equilibrium between degranulation and fMLP-R endocytosis could be involved in the priming mechanisms induced by both IL-18 and TNF-␣. Furthermore, endocytosis of the fMLP-R could be involved in its recycling back to the cell surface.
Previous studies have implicated fMLP-R endocytosis in desensitization phenomena (20) . However, other studies have shown that fMLP-R internalization plays a key role in resensitization. A role of G-protein-coupled receptor endocytosis in cell signaling has also been reported (27) . Our results, which demonstrated that BDM (1 mM) potentiated both an IL-18-induced decrease in the level of fMLP binding and IL-18 priming of the fMLP-induced oxidative burst, suggest a relationship between fMLP-R endocytosis and activation of ROS production by PMNs. The inhibition of the PMN oxidative burst observed at higher concentrations of BDM might have been related to disruption of PMN actin. Furthermore, BDM (1 mM) inhibited the IL-18-induced increased expression of CD11b and p22 phox at the cell surface. These results, in accordance with previously published data, suggest the possibility of a relationship between endocytosis and degranulation. In fact, Barlic et al. (3) demonstrated that the ␤-arrestin-mediated tyrosine kinase activation, receptor internalization, and the subsequent redistribution of ␤-arrestin-tyrosine kinase complexes to granules were required for chemokine-induced neutrophil granule exocytosis.
Tyrosine phosphorylation has been reported to play an important role in the signaling events leading to PMN degranulation (27, 31) . Furthermore, tyrosine kinase activity is required for the internalization of receptors, with or without ligands, into clathrin-coated pits, which is one of the first steps in endocytosis and cycling of the receptors (24, 30) . Our finding that genistein, a tyrosine kinase inhibitor with broad specificity, reduced the IL-18-and TNF-␣-induced overexpression of CD11b and p22 phox at the PMN surface and also decreased the level of fMLP binding is in keeping with these data. Furthermore, our flow cytometric analysis of whole blood clearly demonstrated that in intact cells IL-18, like TNF-␣, induced tyrosine phosphorylation; in particular, IL-18 and TNF-␣ increased the level of p125 FAK phosphorylation. p125 FAK , a member of a nonreceptor protein-tyrosine kinase family, has been implicated in ligand-independent endocytosis of membrane receptors (43) and in neutrophil degranulation processes in the presence of soluble fibrinogen, a factor present in whole blood (38) .
The diminution of IL-18-induced CD11b expression that we observed after preincubating samples with SB203580 could be explained by the involvement of p38MAPK in neutrophil granule exocytosis after phosphorylation of these kinases by a mechanism involving an upstream tyrosine kinase (31) . In addition, p125
FAK could control the activation of MAPKinases (5, 41). Using flow cytometric analysis of intact cells in whole FIG. 9 . Effects of IL-18 on intracellular tyrosine, p125 FAK , and p38MAPK phosphorylation. After preincubation of whole blood with PBS, IL-18 (500 ng/ml), or TNF-␣ (100 U/ml) for 2 to 45 min, the phosphotyrosine, phospho-p125 FAK , and phospho-p38MAPK contents were measured by flow cytometry with methanol-permeabilized cells, as described in Materials and Methods. Values obtained with an irrelevant antibody of the same isotype were subtracted. Values are expressed as means Ϯ SEMs (n ϭ 3). ‫,ء‬ significantly different from the results for the sample incubated with PBS (P Ͻ 0.05).
blood, we clearly observed that IL-18 induced p38MAPK phosphorylation and that this phosphorylation occurred later than p125 FAK phosphorylation. The lack of inhibition by the MEK1/2 inhibitors PD98059 and U0126 made it clear that different transduction pathways are involved, depending on the priming agent. Indeed, Suzuki et al. (40) clearly demonstrated that GM-CSF and TNF-␣ activated distinct MAPKinase subtype cascades in human neutrophils; GM-CSF preferentially activated ERK1/2, while TNF-␣ strongly activated p38MAPK.
Taken as a whole, these findings suggest that different cellular mechanisms may be involved in the cytokine-induced priming of the PMN oxidative burst. The most potent priming cytokines (TNF-␣ and GM-CSF) induce partial p47
phox phosphorylation that may facilitate further p47 phox phosphorylation and translocation to the membrane in response to a secondary stimulus. In contrast, less potent cytokines, such as IL-18, do not induce p47 phox phosphorylation. Similar results have been observed with granulocyte colony-stimulating factor and IL-1, which also have modest priming effects on the PMN oxidative burst in response to fMLP (10, 28) . However, we found here that some of the mechanisms involved in their priming effects are shared by TNF-␣ and IL-18, which are representative of the cytokines with the most and least potent priming effects, respectively: TNF-␣ and IL-18 both induced degranulation of specific or gelatinase granules, enhancing the expression of their contents (especially of cytochrome b558) at the PMN surface and facilitating the formation of an active oxidase. Furthermore, both IL-18 and TNF-␣ induced endocytosis of G-protein-coupled receptors and could thereby induce cell signaling and regulate granule exocytosis. The latter mechanisms share a cascade of intracellular signals. The involvement of p38MAPK in IL-18 priming of the oxidative burst has been demonstrated in isolated PMNs. Using flow cytometry in whole blood, we clearly demonstrate here for the first time that focal adhesion kinase phosphorylation and p38MAPK activation are involved after IL-18 priming. Comparison of the effects of TNF-␣ and IL-18 at the transduction level showed that IL-18 had lower potency, which could possibly account, at least in part, for the differences between the functional effects of these two cytokines.
